Abstract: We propose a large detection range surface plasmon resonance (SPR) sensor based on hollow-core photonic crystal fiber in this paper. The sensor consists of an analyte channel in the core hole and a silver nanowire in the cladding holes. We investigate the resonance properties between the core modes and the surface plasmon polariton (SPP) modes excited on the nanowire surface in a large refractive index (RI) range from 1.33 to 1.5. Numerical results show that the resonance between the core mode and the higher order SPP modes can occur at particular wavelengths, thus exciting resonance peaks that shift to short wavelengths as RI increases. By tracking most sensitive peak, which is formed by the resonance combination of the x-polarized core mode and the second-order SPP mode, our sensor can measure large RI ranges of the analyte either higher or lower than that of the fiber material.
Introduction
Being extremely sensitive to the refractive index (RI) of the substances on the metal surface, surface plasmon resonance (SPR) technology has been implemented in many structures for measurement and analysis of chemical and biological analytes [1] - [4] . Among these sensing structures, photonic crystal fiber (PCF) based SPR sensors have shown a number of unique advantages because their various structure design [4] - [12] . In these PCF based SPR sensors [5] - [12] , to realize the analyte detection, some or all of the fiber holes are coated with the metal films. The analyte can be filled into these metallized holes or their neighborhood. The surface plasmon polaritons (SPPs) can propagate at the boundary between the metal and the analyte, the incidence light can be guided in the fiber core and will be coupled with SPP modes to form the supermodes at a certain wavelength. With a strong coupling and transferring of the energy, a resonance peak is excited in the loss spectra of the transmitted light. The analyte RI change will affect the resonance condition, and thus the characteristics of the transmitted light. By following the altered characteristics of the transmitted light, the changes in the analyte RI can be detected. However, note that in these reported SPR sensors [5] - [12] , the analyte is always filled into the cladding holes around the fiber core of the PCF, to keep the mechanism of total reflection, the sensor can detect only the analyte that have the RI lower than the fiber core. In the case of the silica PCF, the maximum detection value of the RI is limited to 1.42 [8] - [12] . Besides, in these designs [5] - [10] , the analyte is usually filled into several adjacent holes of the PCF [5] - [10] , the disturbance between these holes will introduce noises in the loss spectra of the transmitted light.
To detect and analyse high RI analytes, the SPR sensor using hollow fiber (HF) has been demonstrated both in experimental and theoretical researches [13] , [14] . In these sensor designs, the liquid analyte is filled into the center hole of the fiber to form a waveguide. When the analyte RI is higher than the material of the fiber, the incidence light can propagate in the analyte-filled waveguide to achieve the detection for high RI analyte. However, for the analyte with RI lower than the fiber material, the sensors cannot work effectively because condition of total reflection is not satisfied.
In these SPR sensors [5] - [12] , the analyte directly contact with the metal. Therefore they cannot be used to detect some analytes that can generate chemical reaction with the metal. On the other hand, in practical operations, these fiber holes will be difficult to be coated with the metal films over the predefined parameters, because their sizes are very small, usually several microns. As an alternative to coating metal films, the metallic nanowire supporting the SPP modes on its surface has been demonstrated in previous works [15] - [20] . In some of the PCF-based SPR configurations [15] - [17] , [19] , [20] , the metallic nanowire can be filled into the individual air holes to replace the metal films, and the guided light in the fiber core can couple to the SPP modes on the nanowire surface at a certain wavelength (resonance wavelength). Moreover the intensity of the coupling modes can be controlled by changing the position between the core and the nanowire [17] , [20] . With a proper design, the nanowire-filled PCFs can be utilized in various applications. The metallic nanowire can be integrated into the PCF by pumping molten metal into the air holes of the fiber at high pressure, because the used metal (Au or Ag) has lower melting temperature than the fiber material (silica) [15] , [16] , [19] , [20] . In contrast to the inner coating with the thin metal films [5] - [11] , which has been be fabricated by the technology of the chemical vapor deposition (CVD) [13] , [21] , [22] , the use of nanowire provides easy operation and precise control.
In this paper, we design a PCF-based SPR sensor that has a large RI detection range. A silver nanowire is used instead of metal coating to excite the SPP modes. Different from the previous designs, a single hole in the centre hole of the PCF is filled with the analyte as the analyte channel, and its size is smaller than the cladding holes. Such design will ensure that the sensor always satisfies the condition of total reflection either at high or low analyte RI, effectively eliminates the interference by the multi-channels, as well as avoiding direct contact between the analyte and the silver. We investigate the coupling characteristics of the nanowire-filled FCF at different analyte RIs, and discuss the sensing performances of the sensor over a large RI detection range.
Structure Designs and Analysis
Fig. 1 describes the schematic of the used PCF which has a hole at the core area. And the fiber core is surrounded by hexagonally arranged air holes with lattice constant = 4 μm. The diameters of the center hole and the uniform cladding holes are 0.3 and 0.5 , respectively. For sensor operation, a silver nanowire is filled into the air hole in the first layer as the schematic shown in Fig. 1 , and an aqueous analyte is filled into the center hole. The electromagnetic mode of the proposed sensor is calculated by using the finite element method (FEM). In the numerical calculation, the RIs of the fiber material and air holes are assumed to be 1.45 (silica) and 1, respectively. The RI of the silver is given by the Drude model [23] , and the analyte RI (n a ) is changed from 1.33 to 1.5 to investigate the sensing performance.
According to the mode coupling theory, the core mode and the SPP mode can couple when their effective RIs (n eff ) are equal (phase matching) [6] - [10] . And it can be verified by an obvious peak in the core mode loss spectrum because the energy transfers to the SPP mode. To study the coupling characteristics between the core modes and SPP modes in the sensor, we plot the n eff curves of the relevant modes at n a = 1.33 in Fig. 2(a) . The dashed red lines signify the SPP modes of the four mode orders excited on the silver nanowire. The solid black and dotted blue lines respectively represent the x-polarized (horizontally polarized) and y-polarized (vertically polarized) fundamental modes guided in the fiber core. The corresponding electric field (E field) distributions of these modes are illustrated in Fig. 2(b) . As shown in Fig. 2(a) , the fundamental and 1st order SPP modes have higher n eff than the core modes, and thus cannot couple with the core modes. However, the higher order SPP modes (higher than 1st order) have smaller n eff and can couple with the core modes when their curves intersect. Take x-polarized core mode for example, it can be coupled with with 2nd and 3rd SPP modes at the intersections (phase matching points) A and B, respectively. This phenomenon can be also recognized from the insets A and B in Fig. 2(b) that the core modes interact with the corresponding SPP modes, thus forming the supermodes. As the energy from the core modes coupling to the relevant SPP modes, high losses in the spectra of the core modes will be appeared at the corresponding phase matching points, shown in Fig. 3. 
Results and Discussion
The n a variation will change the n eff of the relevant modes, and thus their phase matching points (resonance peaks). Consequently, by tracking shifts of the resonance peaks, the n a changes can be measured. Fig. 3 shows the loss spectra of the core modes when the n a is slightly varied from 1.33 to 1.34. The losses of the core modes are proportional to the imaginary part of the n eff and can be estimated by [11] , [12] 
where k 0 = 2π/λ is the wavenumber with λ being the free-space wavelength. As shown in Fig. 3 , the second x-polarized peak (Peak A) formed by the x-polarized core mode and the 2nd SPP mode is more sensitive to the n a changes, because the core mode with the E field predominantly orthogonal to the silver surface can couple to surface plasmons more readily [24] , [25] . The peak A shifts 18 nm ( λ peak ) for the n a changing from 1.33 to 1.34 ( n a ), and the corresponding sensitivity in terms of the refractive index unit (RIU) is 1800 nm/RIU, which is normally defined as [7] , [9] S(nm/RIU) = λ peak / n a .
The sensitivity obtained here is comparable to that of the previous PCF SPR sensors at the same n a [5] , [9] . Note that the resonance peak in this sensor moves toward shorter wavelengths as n a increasing. This behavior is contrary to that in previous sensor designs which the peaks move to longer wavelengths [5] - [12] . The difference of the peak behavior is caused by the analyte filling positions. In this sensor, the analyte is filled into the hole at the fiber core. The n a increasing will increase directly the n eff curve of the core mode, as shown in Fig. 2(c) , and making the intersection (phase matching point) shifts from A to A'. On the contrary, in the previous SPR sensors [5] - [12] , the analyte is filled into the holes at the fiber cladding, and the n a increasing could increase the n eff curve of the SPP mode, and resulting in the phase matching point moving to longer wavelengths. The abnormal behavior of resonance peak in here is also consistent to that in the other sensors with the same filling position [13] , [14] .
The diameter of the hole at the fiber core (analyte channel) is smaller than that of the cladding holes, which make the fiber core has a higher average RI than the cladding in a large n a range, and thus satisfying the condition of total reflection. To demonstrate potential of the proposed sensor for a large n a range sensing, we focus on the second x-polarized peak (Peak A) as an example and calculate its loss spectra at different n a to find the corresponding resonance wavelengths. The results are presented in Fig. 4(a) . By following the Peak A, we present the corresponding sensitivities in terms of refractive index units (RIU) in Fig. 4(b) . The resonance peak of this sensor has a larger shift at high n a , and thus a higher sensitivity. This performance is consistent with other low RI SPR sensors [8] - [12] , but caused by different mechanism. To clearly explain the sensing mechanism, we illustrate the E field distributions of the x-polarized core modes at the non-resonance wavelength 0.6 µm for the case when the n a is 1.4, 1.45, and 1.5 in Fig. 5(a)-(c) . At the n a lower than the fiber material RI, as shown in Fig. 5(a) , the core mode is confined mainly in the core region around the analyte channel (center hole). As n a increasing, the confinement of the core mode becomes weaker, and more evanescent wave will penetrate into the analyte channel, thus increasing the sensitivity. In this case, the higher sensitivity is caused by the extension of evanescent wave, which is also the same as in previous SPR sensors with analyte filling into the cladding holes [8] - [12] . However, when the n a is higher than the fiber RI, the core mode is located mostly at the analyte channel in the core region as shown in Fig. 5(c) . The increasing n a will restrict more energy of the core mode at the analyte channel area, and resulting in a higher sensitivity. In this situation, the sensitivity is affected by the restricted degree of the core mode. In the process of the n a increasing, the energy of the core mode is always confined in the core area, and gradually concentrate in the analyte channel as the E field distributions shown in Fig. 5(a)-(c) . Additionally, when the n a is high enough, the core mode is mostly confined at the analyte channel. And this will actually increase the distance between the core mode and the SPP mode and reduce the coupling strength between them, which can be seen from E field distributions of the core resonance modes at Peak A in Fig. 5(d)-(f) .
In Fig. 4(a) and (b), we also present the resonance wavelengths and the sensitivities of the Peak A at different n a when the diameters of the analyte channel (d c ) are 0.2 and 0.4 , respectively. In Fig. 4(a) , we can observe that the resonance wavelength is longer for the larger d c at low n a , and as n a increasing, the resonance wavelength becomes smaller. This phenomenon can be explained by the fact that the larger size of the analyte channel (d c ) increases the proportion of the analyte in core area and promotes the capacity of changing core mode n eff . At low n a , the larger d c can effectively reduce the n eff of the core mode, and leading to its curve intersected with the SPP mode at longer wavelengths. At high n a , the larger d c can rise more than the n eff of the core mode, resulting in the curves crossed at shorter wavelengths. When the n a is 1.45, the analyte is index matched with the fiber material. The sensor becomes immaterial what d c is considered. Hence its resonance wavelength is not changed even if the d c is changed, as shown in Fig. 4(a) . Because the larger d c can change the n eff of the core mode more effectively, the sensor with larger d c can provide higher sensitivity as shown in Fig. 4(b) . Concerning the practical operations, larger analyte channel (d c ) will also facilitate the analyte filling process.
Conclusion
In this paper, we have designed a large RI detection range SPR sensor based on hollow-core PCF filled with a silver nanowire. The single hole in the fiber core as the analyte channel can make the sensor has a large detection range and also eliminates the interference between neighboring analyte channels. The silver nanowire filling into the cladding hole can support SPP modes around its surface, as well as avoiding metal coating. Simulation results demonstrate that the proposed sensor can work effectively in RI range from 1.33 to 1.5 and shows higher sensitivity at large size of the analyte channel (d c ). Moreover, to ensure the sensor can work at any value of analyte RI, the d c should be smaller than the cladding holes, and this should be a concern when fabricating or choosing the PCF. The design presented here avoids direct contact between the analyte material and the silver, and it is expected to be recoverable after each operation.
